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Epithelia are ubiquitous tissues found in plants and animals, in which cells closely bound to one
another form continuous layers covering the surfaces of organs. They display a large diversity of
functions and forms, from totally flat to highly curved. Building a physical framework to account
for the shape of cells in epithelia is thus an important challenge to understand various normal and
pathological biological processes, such as epithelial embryogenesis or cancer metastasis. It is widely
recognized that the shape of epithelial cells is determined by the tension generated by the actomyosin
cortex and the adhesion of cells to the substrate and to each other. These tensions and adhesions are
not homogeneously distributed on the cell surface, which makes a 3D view of the problem valuable.
To account for these biological and structural contributions to cell shape, different physical models
have been proposed, which include surface energies, adhesions, line tensions, volume compressibility
or elasticity terms. However, an experimental procedure that would allow a validation of a minimal
physical model for the shape of epithelial cells in 3D has not yet been proposed. In this study,
we cultured MDCK epithelial cells on substrates with a sinusoidal profile, allowing us to measure
the shape of the cells on various positive and negative curvatures. We found that MDCK cells are
thicker in the valleys than on the crests of sinusoidal substrates. The influence of curvature on
the shape of epithelial cells could not be understood with a model using only differential apical,
basal and lateral surface energies. However, the addition of an apical line tension was sufficient to
quantitatively account for the experimental measurements. The model also accounts for the shape of
MDCK cells that overexpress E-cadherin. On the other hand, when reducing myosin II activity with
blebbistatin, we measured a saturation of the difference in cell thickness between valleys and crests,
suggesting the need for a term limiting large cell deformations. Our results show that a minimal
model that accounts for epithelial cell shape needs to include an apical line tension in addition
to differential surface energies, highlighting the importance of structures that produce anisotropic
tension in epithelial cells, such as the actin belt linking adherens junctions. In the future, the model
could be used to account for the shape of epithelial cells in different contexts, such as embryogenesis.
Furthermore, our experimental procedure could be used to test a wider range of physical models for
the shape of epithelia in curved environments, including, for example, continuous models.
I. INTRODUCTION
Physical understanding of the factors that regulate the
shape of epithelial cells is important for various biolog-
ical processes such as cancer [1] [2] and embryogenesis
[3] [4]. For instance, metastatic events, such as the so-
called epithelial-mesenchymal transition or the invasion
of neighboring tissues through the collective migration of
epithelial cells, involve multiple cell shape changes. Mor-
phogenetic events that occur during embryogenesis also
involve cell shape changes, in addition to division, apop-
tosis, growth and migration, in order to create higher or-
der forms, which will become tissues and organs. These
events often involve the occurrence of an out-of-plane
curvature or a curvature inversion, that correlates with
changes in the shape of the cells [5] [6] [7]. The influ-
ence of curvature on the motility of epithelial cells has
been studied recently [8] [9] but little is known about
its influence on the shape of epithelial cells. Epithelial
tissues and liquid foams share a common morphological
characteristic: they are cellular materials. It has thus
been proposed that the shape of epithelial cells could be
governed by surface energies, similarly to that of soap
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bubbles [10]. Differential cell-cell and cell-medium sur-
face energies were also used to explain cell sorting [11].
Various models from the family of vertex models were
then proposed to understand the shape of epithelial cells
in 2D, either in the plane of the epithelium [12] [13] [14]
[15], or in cross-section [16] [17] [18]. Studying the shape
of cells in 3D is especially useful in curved environments
and, to this end, 3D vertex models have been proposed
more recently [19] [20] [21]. In these models, the energy
of the cell is expressed with different terms accounting
for the multiple force generating processes and structures
in the epithelial cell. Most often, vertex models include
surface tensions, with different values for the different in-
terfaces of the epithelial cells: basal, apical and lateral.
Using different values for the different surface tensions is
a way to account for the adhesion energy at the lateral
surfaces and at the basal surface and the inhomogeneity
in the contractility of the actomyosin cortex. The mod-
els also usually include an apical perimeter line tension
or line elasticity that accounts for the contribution of the
actin belt that links the adherens junctions around the
cell, and is located close to the apical surface. It also
often includes a volume compressibility, which requires
two parameters on its own: the compressibility modulus
and the target volume. Finally, most models include ad-
ditional terms, which vary widely between one model and
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2another. All of this makes the number of parameters in
the models large and thus their experimental validation
difficult. To study the shape of epithelial cells, in-vitro
models are widely used in order to reduce the variability
observed in-vivo. The MDCK cells have the biological
components that contribute to the shape [22].
Here we combine modeling with the measurement of
the thickness of epithelial cells as a function of the sub-
strate curvature in a controlled experimental device to
validate a minimal model that accounts for the shape of
epithelial cells. We build sinusoidally shaped substrates,
allowing for positive and negative out of plane curvatures
to be next to each other and measure the thickness of
MDCK cells on such substrates. We show that for large
curvatures – radius of curvature less than typically 30 µm
– the cells are thicker in valleys than on crests. We then
develop a 3D energy model for the cells, inspired by exist-
ing vertex models [19], which includes apical, basal and
lateral surface tensions, as well as an apical line tension,
and derive the cell energy in the particular geometry of
a curved substrate. We show that such a model accounts
for our measurements with only one adjustable parame-
ter, the ratio of apical line tension to lateral surface ten-
sion, which we thus measure to be equal to 6.75 µm. On
the contrary a model with surface tensions only cannot
account for our measurements. We further validate the
model with measurements on cells over-expressing the
intercellular adhesion protein E-cadherin. In the case
of cells with decreased contractility through exposure to
blebbistatin, the thickness difference between valleys and
crests saturates at high curvature, suggesting that an ad-
ditional term limiting large cellular or nuclear deforma-
tion should be added to the model.
II. SHAPE OF EPITHELIAL CELLS ON
CURVED SUBSTRATES
In order to study the influence of substrate curvature
on their shape, epithelial cells were cultured on substrates
with a sinusoidal profile. The details of sample prepara-
tion, image acquisition and image analysis are described
in appendixA. Briefly, MDCK cells, either WT or sta-
bly expressing E-cadherin-GFP, were grown for 96h in
total - and 48h after confluence - on PDMS substrates
with a sinusoidal profile, coated with partly fluorescent
fibronectin; cells were fixed and stained for DNA (DAPI),
F-actin (SiR-actin) and apical membrane (anti-GP135);
samples were finally imaged with a confocal microscope.
Typical images are displayed in Fig. 1.
On substrates with a long wavelength λ (Fig. 1(b)) the
shape of the epithelium closely follows that of the sub-
strate. On substrates with a short wavelength λ on the
contrary, the cells are thicker in the valleys than on the
crests (Fig. 1(c)). In order to report quantitatively this
qualitative observation, we measured on cross-section im-
ages the thickness of the cells specifically located on the
crests or in the valleys of the substrate (see Appendix
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Figure 1: MDCK cells cultured on a substrate with a
sinusoidal profile. The nucleus of the cells is cyan,
F-actin is grey and the apical membrane is red.(a) Top
view of EcadGFP MDCK cells, E-cadherin is green. (b)
Cross-section view of EcadGFP MDCK cells grown on a
sinusoidal substrate. E-cadherin is green and both, the
apical membrane and fibronectin are red. (c)
Cross-section view of WT MDCK cells grown on a
sinusoidal substrate. Fibronectin is green. Scale bars =
10 µm.
A 3 for the details of the measurement). For each sample
i (i.e. here a microscope field of view, 230 µm x 230 µm),
we obtained on average 59 cells in the valleys and 50
cells on the crests, and we measured the mean values of
their heights Hivalley and H
i
crest, respectively. The rela-
tive height difference measured on sample i is then:
∆hi = 2
Hivalley −Hicrest
Hivalley +H
i
crest
(1)
∆hi is therefore the difference in mean height between
cells on crests and in valleys, relative to the mean height
in sample i. This choice of variable ∆hi is made to
smooth out the inter-sample variability of the mean cell
thickness. The measurements, performed on a total of
31873 cells from 14 fields of view of 6 independent exper-
iments are plotted in Fig. 2, as a function of the wave
number 1λ .
Figure 2: Relative height difference ∆hi between cells
on crests and cells in valleys ∆hi as a function of the
wave number of the substrate 1λ . Each data point
corresponds to a microscope field of view on which the
height of an average of 110 cells was measured. The
error bars are the 95% confidence intervals. Points at
1
λ = 0 are control measurements on flat substrates.
The error bars are the 95% confidence intervals for
each measurement. Data points at exactly zero wave
number are controls for which the height of the cells on
a flat substrate was measured by randomly positioning
imaginary crests and valleys. This control shows that
our measurement method does not create an artificial
height difference between crests and valleys larger than
±5%. This dispersion of ±5% is mainly explained by
the spatial fluctuations in the cells thickness of a given
sample.
The measured relative height differences ∆hi are not
significantly different from 0 for the largest wavelengths
tested, up to 1λ ' 0.009 µm−1. At lower wavelengths on
the contrary, from 1λ = 0.014 µm
−1 to 1λ = 0.26 µm
−1,
the measured height differences are about 30%.
III. SURFACE AND LINE TENSIONS MODEL
Our goal here is to propose a minimal model that can
account for the shape of the cells on flat and sinusoidal
substrates and, more specifically, to predict the height of
the cells in the substrate valleys compared to the height
of the cells on the crests. These predictions will then be
compared with the experimental results.
A. Geometry of the problem
The geometry in which the cells are placed is con-
strained by the shape of the substrates, schematized in
Fig. 3. In the y-direction, the substrate is invariant
Figure 3: Diagram of the substrate.
while it has a sinusoidal profile in the x-direction. The
z-direction is orthogonal to the mean plane of the sub-
strate as shown in Fig. 3 and Fig. 4.
In order to compute the shape of the cells on such a
substrate, we make a few geometrical assumptions. It is
first assumed that the intercellular junctions are flat and
orthogonal to the substrate. It is also assumed that the
apical surfaces are not curved. Actually, they are curved
towards the outside of the cells but these curvatures are
small enough to consider the quantities of surface area
and volume lost by this approximation negligible.
1. Flat substrate
When the cells are on a flat substrate, their shape is in-
variant along the z-axis, since the intercellular junctions
are assumed to be orthogonal to the substrate. The api-
cal surface area Sa and basal surface area Sb are therefore
equal to each other. They are also equal to S1/2, defined
as the surface area of the cell, at its mid-point along the
z-axis, in the xy-plane: Sa = Sb = S1/2, as depicted in
Fig. 4(b).
The intercellular surface area Scc is related to S1/2 and
to H, the thickness of the cell, i.e. its length in the
direction orthogonal to the substrate, through the shape
index α of the mid-height surface α: Scc = α
√
S1/2H,
with α = P1/2√
S1/2
, P1/2 being the perimeter of the cell at
mid-height.
2. Curved substrate
The profile of the substrate is given by the relationship
z(x) =
A
2
sin
(
2pi
λ
x
)
(2)
The height and surface area of the cells now depend on
their position along the sinusoid. They are noted H(x)
and S1/2(x), respectively.
The shape of a cell in a valley in top view is depicted
in Fig. 4(a).
In the following, we make the assumption that the sizes
of a cell in the 3 directions are small as compared to the
wavelength of the substrate profile.
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Figure 4: Diagram of the model for a cell in a valley.
(a) Top view of a cell in a valley. (b) Cross-section view
in the direction orthogonal to the y-axis.
The surface of the apical face is assumed to be flat and,
given the condition of orthogonal sides, Sa is related to
S1/2 by:
Sa = S1/2(x)
(
1− 1
2
H(x)z′′(x)
)
(3)
It explicitly depends on the curvature of the substrate.
On crests, where z′′ is negative, the apical surface is
larger than the surface at half height. Conversely, in
valleys, the apical surface is smaller than the surface at
half height, as shown in the Fig. 4(a).
The basal surface Sb is curved since it follows the sub-
strate, and
Sb = S1/2(x)
(
1 +
1
2
H(x)z′′(x)
)
(4)
This result for the basal surface Sb is symmetrical to
that obtained for the apical surface Sa even though the
two surfaces have very different geometries: curved for
Sb and flat for Sa. The curvature of the basal surface
has no influence on its area, up to first order in
√
S1/2z
′′.
The curvature of the substrate also has an influence on
Scc:
Scc = α
√
S1/2(x)H(x)
(
1− α
2
16pi2
S1/2(x)
H(x)
z′′(x)
)
(5)
Finally, the expression of the cell volume is different
from the case of a flat substrate. The use of the ex-
pression V = HS1/2(x) would lead to overestimating the
volume of cells in the valleys and underestimating it on
the crests (cf Fig. 4(b)). The volume of a cell up to first
order in
√
S1/2z
′′, reads:
V = HS1/2(x)− α
4
256pi3
S21/2z
′′(x) (6)
B. Energy of the cell
Following previous works [23] [12] [24] [19], we make
the assumption that the equilibrium state of the epithe-
lium is described by the minimization of an effective en-
ergy. In a simple model, we consider an average cell and
minimize its effective Ec. We consider the following con-
tributions to Ec: a apical energy per unit surface area (or
surface tension) γa, mainly generated by the tension of
the acto-myosin cortex of the apical face; a cell-substrate
surface tension γb, which has mainly two contributions, a
positive cortex tension and a negative cell-substrate ad-
hesion energy; a cell-cell lateral surface tension γcc, with
positive tensions from the cortex of the two cells and a
negative cell-cell adhesion contribution; and finally an
energy associated to the tension of the apical actomyosin
belt, proportional to the apical perimeter Pa and charac-
terized by a line tension Λa:
Ec = γaSa + γbSb +
γcc
2
Scc + ΛaPa (7)
Surface and line tensions, γa, γb, γcc, and Λa are con-
sidered uniform within a cell. We now derive the energy
of a cell on flat and sinusoidal substrates and minimize it
to infer the equilibrium shape of the cell, i.e. its height
H and surface at half height S1/2. All the energy mini-
mizations will be performed under constant cell volume
V0, which is equivalent to adding a volume compressibil-
ity term Ev = B(V −V0)2 with a very large compression
modulus B.
1. Flat Substrate
On a flat substrate, Sa = Sb = S1/2, (cf. IIIA 1), hence
V = HS1/2(x), Pa = α
√
S1/2, and the energy of the cell
may be written as a function of S1/2 only:
Ec = γaS1/2 + γbS1/2 +
γcc
2
α
V√
S1/2
+ Λaα
√
S1/2 (8)
We introduce the dimensionless surface tension:
γ =
γa + γb
γcc
(9)
and the reduced line tension, Λ, which is a length:
Λ =
Λa
γcc
(10)
The reduced energy of the cell, which is a surface, then
reads:
Ec
αγcc
=
γ
α
S1/2 +
V
2
√
S1/2
+ Λ
√
S1/2 (11)
Its minimization at constant volume leads to the rela-
tion:
γ =
α
4
1√
S1/2
(H − 2Λ) (12)
The two parameters of the model are γ and Λ, the other
quantities, α, S1/2 and H are measured from experi-
ments, leading to a quantitative relation between γ and
Λ.
52. Curved substrate
On a sinusoidal substrate, the reduced energy of the
cell is obtained by using the expressions for the geomet-
rical quantities derived in IIIA 2:
Ec
αγcc
= − α
2
32pi2
(
1− α
2
16pi
)
z′′(x)S3/21/2 (x) +
γ
α
S1/2(x)
+
V
2
√
S1/2(x)
(
1− 1
2
Λz′′(x)
)
+ Λ
√
S1/2(x)
(13)
The minimization of this reduced energy gives the pre-
ferred value of S1/2 for every value of the curvature z′′.
There is only one adjustable parameter since V and α are
measured on the samples and the measurements in the
absence of curvature set a relation between γ and Λ, as
discussed in III B 1 (Equation 12). In the following the
adjustable parameter is Λ.
IV. COMPARISON WITH EXPERIMENTAL
MEASUREMENTS
For cells cultured on flat substrates, we measured the
following values of the geometrical parameters: mean
height H0 = 5.1± 0.1µm, mean surface area S1/2 =
80± 7 µm2, mean volume V = H0 ·S1/2 = 408µm3, mean
shape index α = 4.0± 0.3 (data are displayed as mean ±
95%CI).
For each value of the curvature in the experimentally
tested range, and for chosen values of the adjustable pa-
rameter Λ in range [−100 µm ; 100 µm], we find numer-
ically the preferred value of S1/2 that minimizes Ec, de-
duce the preferred value ofH using equation 6 and finally
the relative height difference ∆hi for two opposite values
of the curvature.
In our experiments, we could test substrates with cur-
vatures up to 1R ≈ 0.068 µm−1, which corresponds to a
radius of curvature R ≈ 15 µm. The relative height dif-
ference ∆hi is not significantly different from zero up to
1
R ≈ 0.03 µm−1 and then increases with the curvature of
the substrate, as reported in Figure 5.
The dotted line in Figure 5 corresponds to the predic-
tion of a model with cell surface energies only, obtained
by setting Λa = 0 in the present model. This is the
model that draws the most direct analogy between a cell
and a liquid drop or a soap bubble. It has no adjustable
parameter, since Equation 12 with Λ = 0 sets the value
of γ from the measured volume, surface and shape index
of cells on flat substrates. Such a model can clearly not
account for our measurements since it predicts negative
values of ∆hi, i.e. cells thicker on crests than in valleys.
The line tension is therefore the indispensable ingredient
of the model in order to account for the measurements.
The best agreement with experimental results is ob-
tained for Λ = 6.75 µm and is displayed in Figure 5 as a
plain line.
Figure 5: Relative height difference ∆hi between cells
on the crests and cells in the valleys as a function of 1R .
The dotted curve corresponds to the model with only
surface tensions. The solid curve corresponds to the
best fit of the model with surface tensions and apical
line tension.
The apical line tension has been measured in the
drosophila embryo by laser manipulation: Λa ∼ 100 pN
[25], which gives, with an intercellular tension of the or-
der of γcc ∼ 0.1 mN ·m−1 [26], Λ ∼ 1 µm. The apical
line tension in drosophila embryo has also been measured
by laser ablation: Λa ∼ 1 − 10nN [27] which leads to
Λ ∼ 10− 100µm. Our measurement of Λ is thus, within
the same order of magnitude.
With Λ = 6.75 µm, Equation 12 gives γ = −0.94. A
negative value of γ implies either γcc < 0 or γa + γb < 0.
The possibility of a negative intercellular tension can be
ruled out because all measurements have given positive
values for this surface energy [28] [27]. This leaves the
possibility of γa + γb < 0 which implies γb < 0 since the
apical surface energy γa is necessarily positive. A neg-
ative basal surface energy is possible since the adhesion
of the cell with the substrate gives a negative contribu-
tion to γb. If the adhesion energy exceeds the positive
contribution of the actomyosin contractility, then γb is
negative.
V. INFLUENCE OF BIOLOGICAL
PARAMETERS
A. Intercellular adhesion protein E-cadherin
We also used a genetically modified MDCK cell line
that stably expresses the protein EcadGFP, the fusion of
E-cadherin with GFP [29]. We expect over-expression of
E-cadherin to have an impact in particular on the value of
the intercellular surface energy, given the central role of
E-cadherins in intercellular adhesion. The expression of
EcadGFP is also of interest for imaging since it provides
a well localized fluorescent signal at intercellular junc-
tions, thus making the extraction of cell contours from
6microscopy images easier.
For EcadGFP MDCK cells, the measured area at mid-
height S1/2 and shape index α in the absence of curvature
have, within the margin of error, the same values as for
WT MDCK cells with S1/2 = 79± 9 µm2 and α = 4.0±
0.3. On the contrary, their mean height on flat substrates
is different from that of WT MDCK cells. It is measured
in the same way as for the WT MDCK cells, i.e. as the
average of the heights in the valleys and on the crests,
and we obtain
HEcadGFP0 = 6.0± 0.1 µm (14)
As a result, the volume of the EcadGFP MDCK cells,
V = S1/2H = 474± 48 µm3, is greater by 16% than the
volume of WT MDCK cells.
The relative height difference ∆hi on sinusoidally-
shaped substrates as a function of curvature is displayed
in Figure 6, along with the measurements on WT cells.
The heights of 1310 EcadGFP cells were measured in 11
samples from 6 independent experiments.
Figure 6: Relative height difference between cells on
crests and cells in valleys ∆hi as a function of 1R . The
dotted curve corresponds to the model with only surface
tensions. The solid curve corresponds to the best fit of
the model with surface tensions and apical line tension.
The height of the EcadGFP MDCK cells is signifi-
cantly less sensitive to curvature than that of WTMDCK
cells. For the intermediate values of the curvature,
1/R ∼ 0.03 µm−1, the relative height difference is smaller
for EcadGFP MDCK cells (∆hi = 0.10 ± 0.05) than for
WT MDCK cells (∆hi = 0.18±0.03). The difference be-
tween the two cell lines is statistically significant for all
samples with curvature larger than 0.04 µm−1, with ∆hi
always smaller than 0.2 for EcadGFP MDCK cells. As
for the WT MDCK cells, the simplest model with surface
energies only, displayed as a dotted line in Figure 6, can-
not account for the measurements. The best agreement
between the experimental data and the complete model,
with apical line tension, is obtained for Λ = 6.1 µm. The
value of Λ = Λaγcc is therefore smaller for EcadGFPMDCK
cells than for WT MDCK cells. This implies a lower
apical line tension for EcadGFP MDCK cells than for
WT MDCK cells or a higher intercellular surface energy.
EcadGFP MDCK cells should express more E-cadherins
than the WT line because they express EcadGFP in ad-
dition to E-cadherins. One expects this overexpression of
intercellular adhesion proteins to give a lower intercellu-
lar surface energy γcc. The effect on apical line tension is
less obvious. However, we note that the difference in re-
duced apical line tension Λ between the WT MDCK cells
and the EcadGFP MDCK cells is very small (∼10%).
With Λ = 6.1 µm using equation 12, we get γ = −0.69.
Thus, as for the WT MDCK cells, we obtain a nega-
tive value for γ, which implies γa + γb < 0 and therefore
γb < 0. As already discussed in section IV, this implies
that the negative contribution of cell-substrate adhesion
to the surface energy exceeds the positive contribution
of actomyosin contractility. In addition, the dimension-
less surface tension γ is smaller, in absolute value, for
EcadGFP MDCK cells than for the WT MDCK cells
(γEcadGFP = −0.69 and γWT = −0.94, respectively).∣∣∣∣γa + γbγcc
∣∣∣∣WT > ∣∣∣∣γa + γbγcc
∣∣∣∣EcadGFP (15)
Equation 15 can be satisfied if the apical surface ten-
sion of EcadGFP MDCK cells is greater than the api-
cal surface tension of WT MDCK cells. Increased apical
surface tension could be the result of E-cadherin overex-
pression, leading to more mechanical coupling between
the cortices of neighbouring cells, as was observed in pre-
vious studies [30] [31].
B. Myosin-II activity
We also altered the activity of myosin-II, which trig-
gers the contractility of the cortex [32] and also plays an
important role in the tension exerted by the actin belt
that connects the adherens junctions [33]. The tension of
the actomyosin cortex and of the actin belt are expected
to scale with myosin-II activity. Myosin-II activity can
be inhibited with blebbistatin. We used two concentra-
tions of blebbistatin, 50 µM, which saturates the decrease
in myosin-II contractility, and 5 µM, which gives an in-
termediate effect at around 50% decrease of myosin-II
activity [34].
First, the geometric parameters of the cells were mea-
sured in the absence of curvature. The addition of 5 µM
blebbistatin increased the mean height of WT MDCK
cells on flat substrates and decreased that of EcadGFP
MDCK cells: H5 µmbleb0 = 5.6± 0.1 µm , for both cell
types (cf. Table I). The measured shape index and cell
surface had within the margin of error the same val-
ues as without blebbistatin: α = 4.0 ± 0.4, S5 µmbleb1/2 =
81± 8 µm2 for WT MDCK cells and 77 ± 10µm2 for
EcadGFP MDCK cells (cf. Table I).
The influence of 5 µm blebbistatin on the height of
MDCK cells on curved substrates is displayed in Fig.7(a)
7Table I: Measurements of the shape (H0 and S1/2) of
MDCK cells and parameters of the model that fit the
experimental data (Λ and γ). Note that only Λ is a free
parameter of the model.
WT EcadGFP
0µm bleb 5µm bleb 0 µm bleb 5 µm bleb
H0(µm) 5.1 5.6 6.0 5.6
S1/2(µm2) 80 81 79 77
Λ(µm) 6.75 7.4 6.1 6.5
γ -0.94 -1.03 -0.69 -0.83
and Fig. 7(b) for EcadGFP and WT cells, respectively.
The height of 7430 cells was measured in 6 separate ex-
periments, including 3 experiments on samples treated
with blebbistatin. For EcadGFP MDCK cells, the rel-
ative height difference ∆hi between positively and neg-
atively curved substrates was globally larger with than
without blebbistatin, but the difference was not statisti-
cally significant except for the measurements around 1R ≈
0.057 µm−1. For WT MDCK cells, the addition of 5 µm
blebbistatin altered the dependence of ∆hi on curvature.
For low and intermediate curvature
(
1
R ≤ 0.04 µm−1
)
,
the addition of blebbistatin increased the relative height
difference between valleys and crests. On the contrary,
for larger curvature, the relative height difference after
addition of blebbistatin saturated at ∆hi ≈ 0.30 and
even decreased down to about 0.2 for the largest curva-
tures
(
1
R ≈ 0.068 µm−1
)
.
The relative dispersion of experimental data was larger
in experiments with blebbistatin, both for WT MDCK
cells and EcadGFPMDCK cells. This could be due to the
fact that the duration of blebbistatin treatment was not
long enough to allow the cells to fully change their shape
accordingly. Multiple time scales are involved in such
processes[35], presumably up to tens of minutes, but the
treatment duration of 15 minutes for these experiments
was chosen in order to preserve the structural integrity
of the cells[36].
As for the other measurements, a model with surface
energies only cannot account for the measurements of
∆hi with blebbistatin.
The model using surface energies and apical line ten-
sion accounts for the measurements on EcadGFP MDCK
cells and for the measurements on WT MDCK cells at
low and intermediate curvature. The best adjustments of
the experimental points, restricted to 1R < 0.04 µm
−1 for
WT MDCK cells, are obtained for Λ5 µmblebEcadGFP = 6.5µm
and Λ5 µmblebWT = 7.4µm. They are displayed as a red line
in Fig. 7(a) and as a purple line in Fig. 7(b), respec-
tively. Using Eq. 12 we obtain γ5 µmblebEcadGFP = −0.83 and
γ5 µmblebWT = −1.03.
The addition of 5µm blebbistatin reduces the value of
γ (increases its absolute value), by about 10% for WT
MDCK cells and by about 20% for EcadGFP MDCK
cells, and increased the value of Λ, by about 10% for WT
Figure 7: Relative height difference between cells on
crests and cells in valleys ∆hi as a function of 1R . The
solid curves correspond to the best fits of the model
with surface tensions and apical line tension. (a)
EcadGFP MDCK cells. (b) WT MDCK cells.
MDCK cells and by about 7% for EcadGFP MDCK cells.
It is expected that the alteration in myosin-II activ-
ity will influence the parameters of the model : γ and
Λ [37] [38]. Indeed, decreasing the activity of myosin-
II by adding blebbistatin reduces the contractility of the
actomyosin cortex. This can result in a decrease in all
the surface energies involved in the model. The activ-
ity of myosin-II is also expected to impair cell-substrate
and cell-cell adhesion, which should increase the values
of γb and γcc by decreasing adhesion energies. Indeed
we observed that when increasing the concentration of
blebbistatin to 50 µm, the epithelium detached from the
substrate (see Appendix C for more detail), making mea-
surements impossible, and supporting the idea that bleb-
8bistatin decreases cell adhesion to the substrate. Thus,
blebbistatin should mainly decrease apical surface ten-
sion γa compared to other surface tensions. The net effect
on the value of the reduced surface tension γ is therefore
difficult to predict. Myosin-II activity also influences the
contractility of the actin belt that connects the adherent
junctions, which should decrease the apical line tension
Λa. The increase that we observed in the value of Λ sug-
gests a larger relative decrease in the value of γcc than in
the value of Λa when adding blebbistatin.
Table I summarizes the parameters measured in the
absence of curvature (H0 and S1/2) for each condition,
along with the parameters obtained by fitting the exper-
imental measurements on curved substrates by the model
(Λ and γ).
We found that the relative surface tension γ = γa+γbγcc is
always negative and ranges from −1.03 and −0.69. As al-
ready discussed in section IV, this shows that the tension
of the basal surface γb is negative and that the different
surface energies are all of the same order of magnitude.
The value of Λ varied by less than 10% around a mean
value Λ ≈ 6.7 µm, regardless of E-cadherin overexpres-
sion or addition of blebbistatin. This suggests a regu-
lation of this parameter. Indeed Λa and γcc are both
related to properties of cell-cell contact zone, in partic-
ular via E-cadherins which are involved in the structure
of both cell-cell adhesions and adherens junctions.
For WT MDCK cells with 5 µm, the model could not
account for the saturation of the relative height differ-
ence at ∆hi ≈ 0.30 observed in the experiments for high
curvatures ( 1R > 0.04 µm
−1). A closer look to the mea-
surements (Fig. 7(a) and 7(b) suggests that such a sat-
uration may also be observed for WT MDCK cells with-
out blebbistatin at ∆hi ≈ 0.30 when 1R > 0.055 µm−1,
and for EcadGFP MDCK cells with 5 µm blebbistatin at
∆hi ≈ 0.20 when 1R > 0.058 µm−1. Our model could fail
to account for the results at high curvature because its
geometrical approximations are not fullfilled anylonger.
Yet since the cells have about the same sizes in all four
conditions, saturation should happen for the same val-
ues of 1R and/or ∆h
i on all four curves. The saturation
could also come from a missing ingredient in the energy
of the cell that would tend to resist to excessive cell flat-
tening. Modeling the resistance to compression of the
cell contents as that of gaussian biopolymers, as previ-
ously proposed [19], failed to account quantitatively for
our results.
VI. CONCLUSIONS AND OUTLOOK
Using substrates with a sinusoidal profile, we explored
the role of curvature in the 3D shape of epithelial cells.
We demonstrated that for large curvature of the sub-
strate (curvature radius smaller than about 40 µm), cells
are thicker on positive curvatures of the substrate (in
valleys) than on negative curvatures (on crests), with a
relative thickness difference increasing with the curva-
ture. To account for these measurements, we developed
a simple 3D energetic cellular model, inspired by exist-
ing vertex models. Since such models often come with
many parameters, whose values have to be adjusted, we
focused on developing a minimal model pointing on the
key biological ingredients that shape epithelial cells. We
showed that a minimal model with surface tensions and
an apical line tension as the physical ingredients for the
energy accounts for the shape of epithelial cells on curved
substrates, the apical line tension being a necessary ingre-
dient of the model. This minimal model, which has only
one adjustable parameter, accounted for measurements
in a wide range of experimental conditions, with WT
MDCK cells as well as cells over-expressing E-cadherin,
and with cells with a decreased contractility. Neverthe-
less, for the highest curvatures and for cells with inhibited
myosin-II activity, the effect of curvature on cell thick-
ness saturated, pointing at the need to add in the model
a term limiting large cell deformation in extreme cases.
The experiments we set up in this study could be used
to test other lines of epithelial cells, in particular ones
with different morphologies, for instance columnar cells
like Caco-2, since their surface tensions and line tension
parameters should be very different. In the future, our
simple model will also be used to get insight in the cross-
talk between curvature and cell fate in tissues such as the
intestinal microvilli.
Appendix A: Materials and methods
1. Cell culture
MDCK-II cells from European Collection of Au-
thenticated Cell Cultures (ECACC) and MDCK-II
cells genetically modified to stably express E-cadherin-
GFP[29] were grown in Dulbecco’s Modifed Eagle
Medium (DMEM), supplemented with 10% fetal bovine
serum (FBS), 100U/mL penicillin-streptomycin, and
50 µg ·mL−1 G418 (Geneticin) for EcadGFP MDCK
cells.
For the experiments, cells were trypsinised from cul-
ture flasks and seeded on flat or sinusoidal substrates,
at a density of 1900 cells/mm2 allowing confluence to be
reached in 48h. The medium was renewed 48h after seed-
ing. For some of the experiments, blebbistatin was added
to the culture medium at a final concentration of 5µm or
50 µm for 15 minutes before fixing the cells.
2. Immunofluorescence
a. Fixation
The cells were fixed with Paraformaldehyde (PFA) 4%
in phosphate-buffered saline (PBS) 96h after seeding.
9Table II: Fluorophores used to label the contours of the
cells in 3D (gp135, F-actin, E-cadherin, fibronectin) and
their positions (nucleus).
Wild type EcadGFP
gp135 (apical face) Dylight 549 Dylight 549
F-actin SiR-actin SiR-actin
E-cadherin none GFP
Nucleus DAPI DAPI
Fibronectin Dylight 488 Dylight 549
b. Staining
The nucleus was labeled with DAPI, 0.6 µm in PBS,
for 20 min at 4 ◦C. F-actin was labeled with SiR-actin
(Spirochrome), 100 nm in PBS for 12h at 4 ◦C. The apical
surface of the cells was labeled with mouse anti-gp135
(DSHB, reference 3F2/D8)[39] 1/25 for 20 min at 4 ◦C
and goat anti-mouse Dylight 549 (Abcam) for 30 min at
4 ◦C.
The substrates were stained with labeled fibronectin
(DyLight fast conjugaison kit, Abcam). We used Dy-
Light 488 for WT MDCK cells and DyLight 549 for
EcadGFP MDCK cells.
The different fluorophores used for each MDCK cell
line are summarized in table II.
c. Imaging
Image acquisition was performed using Metamorph
and a motorized inverted microscope (Leica DMI8)
equipped with a 63X water immersion objective, a wide
field spinning disk head CSU-W1 (Yokogawa - Andor),
and a sCMOS Orca-Flash 4 V2+ camera (Hamamatsu)
resulting in a field of view of 230 µm× 230 µm.
The sampling in the direction of the optical axis was
0.25 µm.
3. Image analysis
MATLAB, ImageJ, and MIJ [40], a tool for calling Im-
ageJ instructions in MATLAB, were used for image anal-
ysis.
The geometry of the sinusoidal substrate makes 3D im-
age analysis difficult. As a result, semi-automated mea-
surements of cell height were limited to the crests and
the valleys of the substrate.
First the user draws lines along each valley and each
crest. The program then automatically creates cross-
sectional views along these lines. Next, the positions of
the cells on the cross-sectional view are detected using a
threshold (Otsu method) on the DAPI signal. The gp135,
F-actin and fibronectin channels are summed-up, after in-
tensity renormalization, to obtain an image that clearly
displays the apical and basal faces of the cells. The height
of the cells are finally automatically measured. A typical
example is given in Fig. 8(a). At each cell position (the
center of the nucleus identified in the DAPI channel), the
program plots the intensity profile along the apico-basal
axis (z) averaged over a width of 2 µm in the y direction.
On this profile, the program identifies the two intensity
local maxima that most likely correspond to the apical
and basal position of the cell, respectively, as shown in
the Fig. 8(b). Each measurement is checked using crite-
ria related to the position of the substrate, which cannot
vary by more than 1 µm between two neighbouring cells,
and to the minimum thickness of a cell, set here at 1µm.
About 5% of the measurements are readjusted by hand
and 1% are discarded.
position of the measurement
2µm
apical face
substrate
height
Position along the yellow line (pixel)
G
re
ys
ca
le
(a)
(b)
Figure 8: Measurement of the height of the cells on a
sinusoidal profile substrate. (a) Cross-section view
along a valley, sum of the renormalized signals of gp135,
F-actin and fibronectin. The yellow line gives the
position of the profile measurement. The width of the
measurement is 2 µm. (b) Intensity profile along the
yellow line. Local extrema are represented by a blue
chevron. The two highest local extrema are considered
to be the positions of the apical face and the substrate.
The last step consists of measuring the geometry of
the substrate. The wavelength and amplitude of the si-
nusoidal profile are measured by hand from the positions
of crests and valleys on a cross-sectional view orthogonal
to the direction of the grooves in the substrate. How-
ever, the substrate profile sometimes differs from a per-
fect sinusoid (cf. Fig. 1(c). To take this asymmetry
into account, an apparent wavelength and an apparent
amplitude are also measured on the cross-section view
as twice the distances between two successive inflection
points on either side of a valley, in the x and z directions,
respectively. The same applies to the crests. The respec-
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tive curvatures of the valley and the crests are calculated
from these apparent wavelengths and amplitudes, and
the curvature of the substrate is taken as the average of
the two curvatures. In order to avoid a systematic bias
in the curvatures of the crests and valleys, experiments
were performed on all positive and negative replicates of
the substrates and no significant difference in the results
was observed.
4. Sinusoidally-shaped substrates
The creation of a sinusoidal height profile, which is
not directly possible with conventional photolithography
techniques, was achieved by exploiting a mechanical in-
stability that creates sinusoidal patterns [41] [42]. The
steps of the manufacture of sinusoidal profile moulds are
summarised in Figure 9. The principle is to stretch a
Figure 9: Fabrication of PDMS moulds with sinusoidal
profile. The first step is to stretch a sample, the red
arrows represent the applied strain. In (2) the sample is
exposed to UV which forms a thin layer of oxidized
PDMS which is stiffer than the rest of the sample. In
(3) the stretch imposed in (1) is released and a
sinusoidal surface profile is formed due to mechanical
instability.
sample of PDMS, then expose it to UV light and finally
release the deformation. UV exposure creates a thin layer
of oxidized PDMS, which is more rigid. When the defor-
mation is released, wrinkles form to accommodate the
disparity between the Young’s moduli of the oxidized
layer Es and of the rest of the sample Ec. Both wave-
length λ and amplitude A of the sinusoidal profile depend
on the applied strain  and on the thickness h of the ox-
idized layer, which is varied by changing the duration of
UV exposure[42]
λ ∝ h 3
√
Es
Ec
(A1)
A ∝ λ√ (A2)
To obtain sinusoidal PDMS substrates from
these moulds, they are first silanized with 1,1,2,2,-
tridecafluoro-1,1,2,-tetrahydrooctyl-1-trichlorosilane in
vapor phase to facilitate the release of the elastomer
after curing ; PDMS (Sylgard 184 + 10% cross-linker,
DowCorning) is then poured over the silicon template,
spin-coated for 90s at 450rpm to a thickness of 200 µm,
cured overnight at 65 ◦C, and finally peeled off.
Flat PDMS substrates are produced by a similar pro-
cedure using a simple flat epoxy disc as a mould.
Appendix B: Derivation of the energy of the cell on
curved substrate
1. Cell surface and volume
This appendix gives a detailed derivation of the energy
of the cell as written in Eq. 11. The characteristic size
of the cell in the median plane is defined as R1/2 =
P1/2
2pi ,
where P1/2 is the cell perimeter in the median plane.
Since the intercellular junctions are assumed to be or-
thogonal to the substrate plane, the characteristic size of
the apical surface modified by the curvature and in the
orthogonal direction to the grooves is given by
2Ra = 2R1/2(x)
+
1
2
H(x)
[
dz
dx
(x−R1/2(x))− dz
dx
(x+R1/2(x))
]
Considering that R1/2  6 λ2pi we get
Ra = R1/2
(
1− 1
2
Hz′′
)
hence the surface of the apical face
Sa = S1/2
(
1− 1
2
Hz′′
)
This expression for the apical surface Sa gives an ex-
plicit dependence on the curvature z′′ of the substrate.
On crests, where z′′ is negative, the apical surface is
larger than the surface at half height. Conversely, in
the valleys, the apical surface is smaller than the surface
at half height, as shown in the Fig. 4(a).
The basal surface Sb is curved since it follows the sub-
strate. The height difference, in a cross-section, between
the positions of the substrate at the edge of the cell and
at its centre is denoted δ, as depicted in Fig. 4(b). The
value of δ depends on the direction θ of the cross-section
with respect to the direction x (as defined in Fig. 4).
By approximating the substrate profile by a parabola
one obtains
Sb = S1/2 +
∫ pi
2
−pi2
R21/2 cos
2 θ
(
H
2
− δ(θ)
)
×
(
2 +
(
H
2
− δ(θ)
)
z′′
)
z′′ dθ + δ2(θ) dθ
Since δ(θ) = z(x+R1/2 cos θ)−z(x)−R1/2 cos θ dzdx , as-
suming that R1/2  3 λ2pi , δ(θ) = 12 (R1/2 cos θ)2z′′, which
gives
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Sb = S1/2
[
1 +
1
2
Hz′′ +
(
1
8
H2 − 21
64
R21/2
)
(z′′)2
]
+ S1/2
[
− 3
16
HR21/2 (z
′′)3 +
5
64
R41/2 (z
′′)4
]
With R1/2  λ24A
Sb = S1/2
(
1 +
1
2
Hz′′
)
This expression for the basal surface Sb is remarkably
symmetrical to that obtained for the apical surface Sa
while these two surfaces have very different geometries:
curved for Sb and flat for Sa. The curvature of the basal
surface therefore has no influence on its expression, at
the first order in Rz′′.
To compute the lateral cell surface Scc the perimeter of
the cell as a function of the position along the apico-basal
axis has to be written.
At half height P1/2 = 2piR1/2. In the other posi-
tions, the expression is different because the cell surface
is anisotropically deformed. The characteristic size of
the cell is still R1/2 in the y direction but is R(z) ≈
R1/2(1− zz′′) is the x direction. By analogy with the ap-
proximate perimeter of an ellipse pi(a + b) with a and
b the semi-major and semi-minor axes of the ellipse,
the approximate perimeter of the cell at position z is
P (z) ≈ pi(R1/2 +R(z)).
The intercellular contact surface is therefore given by
Scc =
∫ pi
2
−pi2
dθ
∫ H
2
−H2 +δ(θ)
[R1/2 +R1/2 × (1− zz′′)] dz
=
∫ pi
2
−pi2
2R1/2 (H − δ(θ))
(
1− 1
2
δ(θ)z′′
)
dθ
= α
√
S1/2H
×
(
1− 1
4
R21/2
H
z′′ − 1
16
R21/2 (z
′′)2 +
3
64
R41/2
H
(z′′)3
)
Assuming that R1/2  λ24A
Scc = α
√
S1/2H
(
1− 1
4
R21/2
H
z′′
)
This expression shows that the curvature of the sub-
strate has an influence on Scc.
The expression of cell volume also differs from the case
of a flat substrate. Indeed, the expression V = HS1/2
overestimates the volume of cells in the valleys because
it also includes some volume of the substrate. Similarly,
this expression underestimates the volume on the crests.
The volume is therefore written as V = HS1/2−∆V with
∆V the hatched volume on Fig. 4(b).
∆V =
∫ pi
2
−pi2
dθ
∫ R1/2(1+(H2 −δ(θ))z′′)
0
1
2
(r cos(θ))
2
z′′r dr
=
pi
16
R41/2
(
1 +
(
H
2
− δ(θ)
)
z′′
)4
z′′
Or, considering R1/2  λ24A
∆V =
pi
16
R41/2z
′′
The final expression of cell volume is:
V = HS1/2 − pi
16
R41/2z
′′
The expressions of the geometric quantities of interest
are used in the next section to infer how the cell energy
depends on curvature.
2. Energy of the cell
In this section, the cell energy on a sinusoidal substrate
is calculated. Different terms for the energy are detailed
in successive subsections.
The cell shape, i.e. the height and the surface at half
height, at equilibrium, are obtained by minimizing the
cell energy. All energy minimizations are done at con-
stant volume which is equivalent to adding a volume com-
pressibility term Ev = B (V − V0)2 with a very large B
modulus.
a. Surface energy
The surface energy of the cell is written
Ec = γaSa + γbSb +
γcc
2
Scc
The apical, basal and inter-cellular surface energies γa,
γb and γcc are considered uniform.
On a flat substrate,
Ec = γaS1/2 + γbS1/2 +
γcc
2
α
√
S1/2H
Since V = HS1/2, Ec can be written as a function of
S1/2 only :
Ec = γaS1/2 + γbS1/2 +
γcc
2
α
V√
S1/2
The minimum surface energy is then obtained for
S1/2 =
(
V
α
4
γcc
γa + γb
)2/3
=
(
V
α
4γ
)2/3
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defining a dimensionless surface tension parameter γ :
γ =
γa + γb
γcc
Which can be written equivalently for the height
H = (V )1/3
(
4
α
γ
)2/3
If the model with only surface energies holds, the value
of the parameter γ can be inferred from the measured
values of V and H on flat substrate.
γ =
α
4
√
H3
V
In the case of a substrate with a sinusoidal profile, the
surface energy of a cell on a crest or in a valley is written
up to first order in z′′:
Ec = γaS1/2
(
1− 1
2
Hz′′
)
+ γbS1/2
(
1 +
1
2
Hz′′
)
+
γcc
2
α
√
S1/2
(
H − 1
4
R21/2z
′′
)
Ec = γaS1/2
(
1− 1
2
V
S1/2
z′′
)
+ γbS1/2
(
1 +
1
2
V
S1/2
z′′
)
+
γcc
2
α
√
S1/2
(
V
S1/2
−
(
α2
16pi2
− α
4
256pi3
)
S1/2z
′′
)
The relationship dEcdS1/2 = 0 gives a polynomial equation
for S1/2 :
0 =
(
3α2
32pi
z′′
)2
S41/2 −
(
2
α
γa + γb
γcc
2
)2
S31/2
+ V
3α2
16pi
z′′S21/2 + V
2
The analytical expressions of the solutions of this equa-
tion are complicated and difficult to handle
The minimization of Ec(S1/2) can also be performed
numerically, after removing the terms that do not depend
on S1/2 and dividing by αγcc2 to simplify the expression :
Ec
αγcc2
= − α
2
16pi2
(
1− α
2
16pi
)
z′′S3/21/2 +
2
α
γS1/2 +
V√
S1/2
The curvature z′′ of the substrate is equal to zero at
the maximum slope of the sinusoid, z′′ = 0 also corre-
sponds to the flat case. Its maximum (in absolute value)
is reached on the crests and in the valleys of the sinusoid.
The numerical minimization of Ec for these two extreme
values of z′′ gives the values of the cell height on the
crests and in the valleys, quantities which were measured
in the experiments.
b. Line tension
In this section, the contribution of an actin belt near
the apical side is discussed by adding a line tension [19]
to the the cell energy Ec:
Ec = γaSa + γbSb +
γcc
2
Scc + ΛaPa
Pa is the apical face perimeter and Λa its energy cost
per unit length.
In the case of a flat substrate, Pa = 2piR1/2 and
Ec = γaS1/2 + γbS1/2 +
γcc
2
αH
√
S1/2 + Λaα
√
S1/2
The minimization of Ec leads to a relationship between
the dimensionless surface energy γ and the reduced line
tension Λ = Λaγcc , which is a length:
γ =
α
4
1√
S1/2
(H − 2Λ) (B1)
The experimental values of α, S1/2 andH give a quanti-
tative relationship between γ and Λ. In the case of curved
substrates, we approximate as previously the perimeter
of the apical face by Pa ≈ pi (R1/2 +Ra) hence:
P ≈ 2piR1/2
(
1− 1
4
Hz′′
)
The energy of the cell is then written:
Ec = γaS1/2
(
1− 1
2
Hz′′
)
+ γbS1/2
(
1 +
1
2
Hz′′
)
+
γcc
2
α
√
S1/2
(
H − 1
4
R21/2z
′′
)
+ 2piΛaR1/2
(
1− 1
4
Hz′′
)
The cell energy is written as a function of S1/2 and
after removing the terms that do not depend on S1/2:
Ec
αγcc
= − α
2
32pi2
(
1− α
2
16pi
)
z′′S3/21/2 +
1
α
γS1/2
+
V
2
√
S1/2
(
1− 1
2
Λa
γcc
z′′
)
+ Λ
√
S1/2
The numerical minimization of this surface energy is
done this time with one adjustable parameter, replacing
γ by its value as a function of Λ obtained from the mea-
surements on flat substrates (Eq B1).
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Appendix C: Detachment of cells from the substrate
at 50 µm blebbistatin
As mentioned in section VB, very few measurements
could be made on samples treated with 50 µm blebbis-
tatin: only 2 for EcadGFP MDCK cells and 1 for WT
MDCK cells. This is due to the fact that in most sam-
ples with 50 µm blebbistatin the epithelium partially de-
tached from curved substrates as illustrated in Figure 10.
This observation is reminiscent of epithelial domes which
have been described in several studies [43] [44] [45] [46]
and which result from active pumping of fluid through
the epithelium.
(a) (b)
(c)
Figure 10: MDCK cells exposed to blebbistatin at
50 µM forming bridges between crests. (a) EcadGFP
MDCK cells. (b) WT MDCK cells. Nuclei are in cyan,
both F-actin and fibronectin are in red hot, Ecadherin
is in green in Fig. a. Scale bars = 10 µm
Detachments mainly occured in the valleys of the sinu-
soidal substrates making bridges between two successive
crests, see Fig. 10. Since such bridges are flat, there is no
pressure difference between the medium under the basal
surface and above the apical surface. As a consequence
the formation of a bridge between two crests can be favor-
able from an energetic point of view, without, contrary to
the case of domes, the need for fluid pumping, provided
that:
l(γb + γa) > l
′(γa + γ′b)
with l the length of the portion on substrate from which
the epithelium detached and l′ the length of the epithe-
lial bridge or the length between the two successive crests.
Here γ′b is the surface tension of the basal face of the cells
detached from the substrate. By assuming γb ≈ γ′b − αb,
with αb a cell-substrate adhesion energy, defined as pos-
itive, the condition for spontaneous epithelium detach-
ment rewrites:
αb < (γa + γ
′
b)
(
1− l
′
l
)
At 0 and 5µm blebbistatin, the experimental data led
to γa + γb < 0 , i.e. αb < (γa + γ′b), which is consistent
with the fact that no bridges were observed. With 50 µm
blebbistatin on the contrary, the basal adhesion energy
probably decreased down to less than (γa + γ′b)(1− l′/l).
For instance in Fig. 10(a), l/l′ ≈ 1.12 and αb < (γa +
γ′b)/10.
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